DNA fingerprinting of various crops is a powerful tool for preventing the infringement of breeders' rights or incorrect labeling of cultivars; however, techniques with information for probabilistic identification are rare. We examined the independence of 25 cleavage amplified polymorphic sequence (CAPS) markers and the frequency of genotypes detected by each marker to prepare basic information for the probabilistic identification of strawberry (Fragaria × ananassa Duch.) cultivars. We could identify almost 117 investigated cultivars except mutant strains with a probability of at P > 99.9% with 16 markers.
Introduction
As a result of consumer demand, new strawberry cultivars are being bred for the Japanese marketplace. Because the market price of popular cultivars tends to be higher, the accurate and reliable labeling of cultivars is important not only for consumers, but also for nursery growers and farmers. There is worry that unregulated propagation and distribution of high-value strawberry cultivars is violating breeders' rights (Congiu et al., 2000) . In light of these concerns, DNA fingerprinting of strawberry cultivars is being developed (Arnau et al., 2001; Degani et al., 1998) . We also developed 6 CAPS markers to distinguish 14 cultivars (Kunihisa et al., 2003) , and subsequently developed 23 improved CAPS markers to distinguish 64 cultivars (Kunihisa et al., 2005a) , in order to protect the rights of the National Institute of Vegetable and Tea Science to 'Sachinoka'. By using these markers, we revealed that samples of strawberry fruits imported from Korea, including those displayed as 'Nyoho' on the Japanese domestic market, consisted of samples possessing polymorphisms identical to those of 'Sachinoka' or 'Redpearl' (Kunihisa et al., 2005b) . This result strengthens the suspicions of the infringement of breeders' rights and the incorrect labeling of commodities. Shimomura and Hirashima (2006) also reported the use of SSR markers to distinguish 10 domestic cultivars. In addition to strawberry, various DNA markers have been developed to solve similar problems in rice, wheat, mat rush, peach, and citrus (Domon et al., 2003; Gale et al., 2005; Ohmura, 2004; Ohtsubo et al., 2002; Yamamoto et al., 2003) .
However, in the strict sense, these techniques are not for 'identification' but for 'distinction of a limited number of cultivars'. They are effective only with the assumption that samples surely come from listed cultivars. When a sample could come from an unlisted cultivar, it is necessary to specify the probability of identification; that is, the probability of the occurrence of a cultivar with a completely identical genotype to that of the sample among the listed candidates must be calculated for 'identification'. In human DNA fingerprinting, the probability of matching based on the frequency of alleles calculated through random sampling of the population is regularly presented (Yoshida et al., 2003) . In the case of plant cultivar identification, presentation of the probability of matching is also necessary; however, despite the massive number of DNA markers for plants, information with which we could calculate the accuracy of identification is rare. To meet this requirement for information, Ukai (2004) proposed a 'theory of cultivar identification'. We applied this theory to our CAPS-marker-based fingerprinting technique to improve the technique's utility. It is desirable for this theory that all DNA markers be independent. Here we examine 1) the statistical independence of all developed CAPS markers, 2) the frequency of genotypes of strawberry cultivars in Japan, and 3) the probability
Materials and Methods

Plant material
We tested 125 strawberry cultivars-114 from Japanese sources and 11 others-by CAPS analysis (Table 1) . To investigate whether the markers were inherited independently of each other, we prepared 4 self-crossed populations: 96 individuals each derived from 'Sachinoka' and 'Tochihime', and 48 each from 'Nyoho' and 'Cesena'. We also used 96 progeny of a 'Sachinoka' × 'Tochiotome' cross.
CAPS analysis
DNA was extracted from leaves with a DNeasy Plant Mini Kit (Qiagen, Germany) according to the manufacturer's manual with some modifications. Extracted DNA was diluted tenfold for use. PCR amplification was carried out in 20 μL PCR reaction mixture containing 1-10 ng genomic DNA, 0.2 mM dNTPs, 1 U AmpliTaq Gold DNA polymerase (Applied Biosystems, USA), 1 × Gold buffer, and 1 μM each primer. DNA was amplified in a Gene Amp 9700 thermal cycler (Applied Biosystems) under the following program: 10 min at 94°C; 35 cycles of 30 s at 94°C, 30 s at 55°C, and 30 s at 72°C; and a final extension for 7 min at 72°C. Digestion by endonucleases and detection of polymorphisms were carried out by the procedure of Kunihisa et al. (2003) . We used 25 CAPS markers, 10 reported in 2005 (Kunihisa et al., 2005a) Table 2) .
Analyses of independence of markers
We assumed that the location of markers on different chromosomes was synonymous with the independence of markers. We therefore analyzed 24 markers, omitting 1 derived from chloroplast DNA. We checked the independence of every possible pair of the 24 markers by chi-square test based on a binary contingency table, using genotype data of the 5 cross populations; however, a standard (and conservative) rule of thumb is to avoid using the chi-square test for contingency tables with expected cell frequencies less than 1, or when more than 20% of the cells have expected cell frequencies less than 5, as the chi-square approximation might not be reliable (Cochran, 1954) . In that case, we applied Fisher's exact test instead. Tests of combinations that could not be examined in any cross population because the polymorphisms did not segregate were carried out using the 125 cultivars in Table 1 by treating them as one population.
Calculation of the probability of matching genotypes Statistical independence allows genotype frequencies to be multiplied across loci to obtain a multilocus genotype probability (Risch et al., 1992) . When genotypes are not independent across loci, the actual probability is greater than calculated. 'Theory of cultivar identification (Ukai, 2004) ' is based on this multiplication rule. We used this theory to calculate the probability of accidental matching of genotypes of each strawberry cultivar. The detected genotype of cultivar 'V' is compared with that of n cultivars using k markers. The genotype frequency of 'V' detected by marker i is f i (0 < f i < 1). The probability that a given cultivar, not 'V', has a completely identical genotype to 'V' is f i . The probability that at least 1 cultivar among the n cultivars is identical is P 1 :
We calculated the frequencies of every genotype detected by each selected marker based on the genotyping data of the 125 cultivars in Table 1 . Although all domestic cultivars should be considered as parent population, we assumed that these 125 cultivars represent them. We set up n = 200 because the number of currently registered or applied cultivars is 180.
Results and Discussion
Independence of markers
There was no doubt that tRNA-BseGI (No. 22), derived from chloroplast DNA, is independent of any other markers derived from autosomal chromosomes (Kunihisa et al., 2005a) . We checked the independence of every possible combination of the other 24 markers; the results are shown in Table 3 . Each combination could be tested in 2 populations on average. The combination of Nos. 11 and 24 was P < 0.001 in all 3 populations, so they were obviously linked. The combination of Nos. 2 and 5 showed segregations consistent with independent inheritance in all tested populations; however, the combination of Nos. 2 and 13 showed conflicting P values among the tested populations, fitting the expected value in 2 populations, but deviating in 1 (P < 0.05). Statistically, such accidental deviations at low frequency are possible in analyses of a number of markers or populations. Considering the possibility of such accidental deviation, we judged that combinations showing P < 0.001 in at least 1 population or P < 0.05 in all populations might not be independent. On this basis, marker Nos. 4, 5, 7, 19, and 20 were probably located on the same chromosome, as were Nos. 11, 23, and 24 (mainly P < 0.001). Nos. 11 and 12 showed linkage, but No. 12 was completely independent of Nos. 23 and 24. Nos. 12 and 13 and Nos. 13 and 17 also showed linkage (P ≈ 0.001) in 1 population each, but Nos. 12 and 17 were independent. These conflicting combinations have a probability of linkage. Nos. 12 and 19 also had a probability of linkage. (P < 0.05). No. 1 also showed P < 0.05 in combination with some markers because of the lack of enough cross populations to test. Considering these results, we selected 16 independent markers (Table 4) .
Nos. 6 and 7 were independent, in spite of the use of identical primer pairs. Because strawberry is octoploid with highly diploidized genome construction (Kunihisa et al., 2005a) , a primer pair designed to anneal to the conserved region could simultaneously amplify at most 4 independent homoeologous loci. The primer pair for Nos. 6 and 7 is considered to amplify at least 2 loci, each of which possesses a different polymorphism detectable by different endonuclease. In contrast, Nos. 11 and 12 were linked because endonucleases for them would detect different polymorphisms on a single locus. 
Probability of matching genotype
The frequency of each genotype detected by the 16 markers was calculated from genotype data of the 125 cultivars, including mutant strains (Table 4) . Although 180 cultivars are currently registered or awaiting registration, we assumed that these 125 cultivars represent all domestic cultivars because they were all that we could collect. The probability of accidental matching of a genotype to 5 major cultivars calculated using the following formula is shown in Table 5 .
The probability of matching with 'Sachinoka' was P 1 = 0.00018 (n = 200). In other words, when the genotype of cultivar 'X' is identical to 'Sachinoka' and the number of candidates for 'X' is 200, 'X' is 'Sachinoka' with a probability of 99.982%. Because the product of frequencies of genotypes detected by 16 markers is small enough (F 16 ≈ 0), the probability of matching is also nearly 0 (P 1 ≈ 0). The same holds true for any other cultivars. Among the 125 cultivars, 99 could be identified with P > 99.9%, 12 with P > 99.8%, 4 with P > 99.7%, and 2 with P > 99.5%. In contrast, mutant strains could not be distinguished from their parents.
In conclusion, the 16 selected markers can identify almost all listed strawberry cultivars (except mutant strains) with a probability of >99.9%. Identification with these markers will still be possible when many more new cultivars appear. For example, even when the number of cultivars is increased to n = 1000, the accuracy of identification of 'Sachinoka' would still be 99.91%; however, the frequency of genotypes could change when many new cultivars are added to the list, so it might need to be recalculated in future for accurate probability. When these markers are used outside Japan, of course, the population should be reexamined.
As DNA identification is used mainly to detect infringements of breeders' rights or incorrect labeling, the presentation of probability of a DNA identification would be required in court. The information of CAPS markers and frequencies of detected genotypes presented in this report will provide the basis for DNA identification of strawberry cultivars in Japan. 
